Insertion of internal fracture fixation devices, such as screws, mechanically weakens the bone. Diamond-like carbon has outstanding tribology properties which may decrease the amount of damage in tissue. The purpose of this study was to investigate methods for quantification of cortical bone damage after orthopaedic bone screw insertion and to evaluate the effect of surface modification on tissue damage. In total, 48 stainless steel screws were inserted into cadaver bones. Half of the screws were coated with a smooth amorphous diamond coating. Geometrical data of the bones was determined by peripheral quantitative computed tomography. Thin sections of the bone samples were prepared after screw insertion, and histomorphometric evaluation of damage was performed on images obtained using light microscopy. Micro-computed tomography and scanning electron microscopy were also used to examine tissue damage. A positive correlation was found between tissue damage and the geometric properties of the bone. The age of the cadaver significantly affected the bone mineral density, as well as the damage perimeter and diameter of the screw hole. However, the expected positive effect of surface modification was probably obscured by large variations in the results and, thus, statistically significant differences were not found in this study. This can be explained by natural variability in bone tissue, which also made automated image analysis difficult.
INTRODUCTION
Microdamage in bone can stimulate bone remodelling by initiating resorption by osteoclasts and new bone formation by osteoblasts [1] [2] [3] [4] [5] [6] [7] . However, extensive bone damage may result in the weakening of internal fixation leading to implant loosening and in some cases total failure. Insertion of internal fracture fixation devices, such as screws, mechanically weakens the bone around the screw during insertion and removal. Typically, microcracking occurs due to prolonged loading or fatigue, especially in elderly patients. In addition, the strength and stiffness of the whole bone are also decreased as the extent of microdamage increases [8] [9] [10] . Local frailty due to stress in a bone may lead to extended healing times or even worse, total failure. The quantification of the extent of microdamage when combined with bone mass measurements can help to predict, and thus prevent, bone failures in patients with osteoporosis [1] .
Several factors, including their surface finish, affect the forces experienced by screws during their insertion into the bone. Diamond-like carbon (DLC) has outstanding tribology properties and is, additionally, not rejected by the body [11] [12] [13] . Thus, considerable effort has been expended on researching DLC coatings for biomedical applications. DLC has also been shown to have excellent haemocompatibility, wear resistance, and hardness. In previous publications, the present authors have demonstrated the effect of a smooth amorphous diamond (AD) coating in reducing the insertion torque of orthopaedic screws by using homogenous test materials and cadaver bone samples [14, 15] .
Improvement of osseointegration has been widely studied as a potential solution to the problem of creating a higher stability of implants. Titaniumbased coatings and hydroxyapatite coatings are the most common solution in this context [16] [17] [18] . However, not all fracture fixation devices are intended for long-term in situ use in the body. Numerous types of fractures heal in a reasonably short time and the stabilizers (i.e. the screws and plates) are removed in a second operation. It is possible that the bone's natural healing capability and holding strength can be optimized by using smooth and bioinert coatings [19, 20] . Thus, the use of AD coatings could lead to fewer screw failures and lower torque levels during insertion and removal, i.e. reduced energy absorption by the bone.
A wide range of methods have been used to detect microdamage and cracking of bone. Typically, normal transmitted light microscopy is used for damage and crack detection [18, [21] [22] [23] [24] [25] ; however, reflected light microscopy [26] , acoustic emission methods [27] , and Raman spectroscopy [28] have also been utilized. In this study, in addition to traditional light microscopy and scanning electron microscopy (SEM), micro-computed tomography (mCT) is also used to detect and analyse damage formation in cadaver human bone samples after insertion and removal of self-tapping screws. The use of a surface treatment for the screws to reduce the amount of energy needed in their installation and removal is considered in this paper. In particular, the effect that a hard and bioinert AD coating on the screws has on the amount of plastic deformation of the bone tissue, i.e. damage at the bone-screw interface, is investigated.
MATERIALS AND METHODS
In total, 48 commercially available stainless steel (AISI 316L) screws from Zimmer Inc. (Warsaw, Indiana, USA) with an outer diameter of 2.7 mm (N = 24) or 3.5 mm (N = 24) were inserted and removed in cadaver bone specimens (N = 8), and the installation torques were recorded. Core diameters for the screws were 1.9 and 2.4 mm, respectively. The cadaver bone samples (femoral diaphysis) were divided into two groups with mean ages of 34 (range 25-41, standard deviation (SD) = 8) and 75 years (range 73-77, SD = 2), respectively. Human cadaver tissue was obtained from Jyväskylä Central Hospital with permission from the Finnish National Authority for Medicolegal Affairs (TEO, 1781/32/ 200/01). The cadaver bone tissue was stored in phosphate-buffered saline and kept frozen when not under experimental investigation [29, 30] . Half of the screws were coated with a high-quality AD coating prior to installation. The experimental setup, experimental protocols, and screw insertion technique were presented in references [14 and 15] .
A filtered pulsed arc discharge technique [31] [32] [33] was used to produce the AD coatings on the screws. The screw installation was performed after drilling pilot holes into the bone specimens. The pilot hole sizes were 2.0 and 2.5 mm, respectively, based on the recommendations of the manufacturer. Custommade equipment for screw installation was used, and the insertion and removal torques were measured. The screws were installed through both cortices of the femoral diaphysis in a lateral to medial direction at a rate of rotation of 5.0 r/min Parallel alignment of the pilot hole and the screw was checked carefully prior to the installation. After the screw penetrated the latter cortex, the rotation was reversed and the removal torque was measured. An axial load of 2.0 kg was used on the screws to ensure steady screw penetration at the beginning of the installation.
The geometrical data of the bone specimens, i.e. cortical thickness (ThC), polar moment of inertia (I pol ), cross-sectional cortical bone area (CSAC), and volumetric bone mineral density (BMD vol ) of the bone specimens, were determined at the screw insertion site using an XCT2000 high-resolution peripheral quantitative computed tomography (pQCT) device (Stratec, Pforzheim, Germany) prior to screw installation. The use of the pQCT technique has been validated in several previous studies [34] [35] [36] .
After screw insertion and removal, cylindrical bone samples were prepared from each of the screw insertion sites (N = 48). Cylindrical samples were acquired using a hollow drill bit with a diameter of 10 mm. Subsequently, the cylindrical samples were post-fixed in 10 per cent phosphate-buffered formalin, dehydrated in increasing concentrations of ethanol, and embedded into polymethylmethacrylate. For histological examination, slices perpendicular to the screw installation axis were then cut with an Exakt 310 CP microsaw (Exakt Vertriebs GmbH, Norderstedt, Germany), and ground polished with an Exakt 400 CS grinding system (Exakt Vertriebs GmbH, Norderstedt, Germany). The thickness of the final thin sections for optical microscopy was between 22 and 30 mm. Finally, the sections were stained with 1 per cent toluidine blue and examined under transmitted light with a Nikon FXA photomicroscope (Nikon Co., Tokyo, Japan).
Simple quantitative analyses were performed on the optical microscopy data using AnalySIS software for Windows (version 3.2, Soft Imaging System GmbH, Mü nster, Germany). The periphery and diameter of the screw hole, and area of the damage were determined from the optical microscopy images (N = 38) and used as histomorphometric data. Some of the thin slices were spoilt during preparation and they could not be used in the analysis (i.e. the thin slice was damaged during its processing or the staining procedure failed). Therefore, to determine the effect of surface modification and increase statistical significance, the images of the smaller screws (diameter 2.7 mm) were scaled to correspond to the size of the bigger screws (diameter 3.5 mm). In this process the base diameter of the screws was scaled to be equal for both screw sizes. For these screws of about the same size this procedure can be justified by reference to Ivanoff et al. [25] , who observed that no significant differences could be found in the cortical passage for small-sized screws. The histomorphometric data were compared to mechanical and geometric data obtained with pQCT. Original magnifications of 1-1003 were used during the observation and analyses.
In addition, representative samples (N = 6) of the remaining bone blocks were imaged with a scanning electron microscope (ESEM-TMP XL30, Fei Company, Eindhoven, The Netherlands), and scanned with a high-resolution Skyscan 1172 mCT unit (Skyscan, Kontich, Belgium) using a 6 mm pixel resolution. The corresponding screws were imaged with the mCT to obtain detailed information about these screws. Image reconstruction, processing, and analyses for mCT images were performed with the software package provided by Skyscan.
The mCT image analysis was carried out by predefining a region of interest (ROI) surrounding the screw hole in the bone blocks and by determining the damage volume (empty space) over a defined height. The corresponding volume of the screw was also determined and subtracted from the total damage volume. The damage volume was defined using the formula
where V D is the damage volume, n total is the total number of voxels in the ROI, n bone is the number of voxels defined as bone within the ROI, n screw is the number of voxels in the screw in the corresponding ROI, V v is the volume of an individual voxel, and h is the height of the analysed ROI (h = 0.6 mm). It should be noted that bone debris in the hole has been taken into account in n screw . SPSS for Windows (version 14.0, SPSS Inc., Chicago, Illinois, USA) was used in the statistical analyses. Pearson's two-tailed correlation was calculated between the histomorphometric, insertional, and geometric data, and comparisons were made using Student's t-tests. A post hoc statistical power analysis (two-tailed) was performed for the histomorphometric, insertional, and geometric parameters, with respect to screw surface modification as well as the age of the patient.
RESULTS
Simple histomorphometric analyses were performed on the cross-sectional images of the bone at the screw installation site (see Fig. 1 ). A hole drilled by a 2.7 mm AD-coated screw in a cadaver bone is presented in Fig. 1(a) . It can be clearly seen that the hole is partly filled with debris. A detail of the edge of the hole showing damage to the bone is shown in Fig. 1 
(b). Figures 1(c) and (d)
show the same information for a 2.7 mm normal screw.
For the AD-coated screws the histomorphometric data, i.e. the damage area, the damage perimeter, and the screw hole diameter obtained from the optical microscopy images, had a positive correlation with the geometric data (see Table 1 ). In particular, the polar moment of inertia (I pol ) had a significant correlation with all the histomorphometric parameters. However, for the normal screws there were large variations in the results, which resulted in negative correlations. Correlations between the histomorphometric and the geometric parameters are presented in Table 1 .
All the correlations among the histomorphometric parameters are significant for the AD-coated screws, but only one correlation is significant for normal screws (see Table 1 ). There are no significant correlations between the histomorphometric and insertion (torque) parameters. No significant differences can be seen in the histomorphometric parameters for AD-coated and normal screws. However, an AD coating was shown to have a significantly beneficial effect on the insertion torque in a previous article by the present authors (up to a 50 per cent decrease in first cortex) [15] .
The histomorphometric parameters were significantly higher for the bones of young patients (see Fig. 2 ). The values for young and old patients respectively were: for the damage perimeter (mean 6 SD 12.9 6 3.1 mm and 10.9 6 1.5 mm; t-test, p = 0.012), for the diameter of the screw hole Fig. 1(a) and (b), respectively, but for normal screw. Screw outer diameter 2.7 mm. Images of the small screws (2.7 mm) were scaled to correspond to the size of the larger screws (3.5 mm) during the analysis (2.9 6 0.3 mm versus 2.8 6 0.2 mm; t-test, p = 0.027), and for the damage area (2.9 6 1.6 mm versus 2.1 6 0.9 mm; t-test, p = 0.066). This is consistent with the findings on BMD vol that showed a significant difference between the two age groups (mean 6 SD 1190 6 40 mm and 1130 6 20 mg/cm 3 ; t-test, p = 0.001).
Post hoc power analyses showed medium or large powers with respect to the age of the patients (0.44, 0.79, 0.62, and 1.00 for damage diameter, perimeter, area, and BMD vol , respectively). However, surface modification analyses showed only a small power (0.17, 0.18, and 0.21 for damage diameter, perimeter, and area, respectively). The power analyses were influenced by the small sample sizes due to spoilt specimens and also by the limitations of the measurement technique.
Some bone tissue debris became stuck in the cutting flutes of the self-tapping screws during the insertion and part of this debris stayed in the hole even after screw removal. SEM and optical microscopy images of a screw's cutting flute and Scaled perimeter 0.387 (p = 0.113) 0.591 (p = 0.010) 0.358 (p = 0.145) -0.802 (p = 0.000) 0.518 (p = 0.040) 20.059 (p = 0.871) 0.362 (p = 0.304) 20.359 (p = 0.310) 0.447 (p = 0.196) 0.067 (p = 0.886) Scaled damage 0.450 (p = 0.061) 0.671 (p = 0.002) 0.331 (p = 0.179) 0.802 (p = 0.000) -0.635 (p = 0.008) 20.199 (p = 0.582) 20.264 (p = 0.461) 20.099 (p = 0.785) 0.447 (p = 0.196) 0.786 (p = 0.036) Scaled diameter 0.559 (p = 0.025) 0.582 (p = 0.018) 0.430 (p = 0.096) 0.518 (p = 0.040) 0.635 (p = 0.008) -20.817 (p = 0.025) 20.417 (p = 0.352) 20.484 (p = 0.271) 0.067 (p = 0.886) 0.786 (p = 0.036) Maximum torque 0.684 (p = 0.001) 0.512 (p = 0.025) 0.632 (p = 0.004) 0.262 (p = 0.295) 0.232 (p = 0.353) 0.098 (p = 0.719) 0.381 (p = 0.277) 20.236 (p = 0.511) 0.711 (p = 0.021) 20.028 (p = 0.939) 0.167 (p = 0.645) 20.314 (p = 0.492) Torque in first cortex 0.730 (p = 0.000) 0.416 (p = 0.077) 0.699 (p = 0.001) 0.004 (p = 0.987) 0.058 (p = 0.819) 0.182 (p = 0.501) 0.472 (p = 0.169) 20.291 (p = 0.415) 0.814 (p = 0.004) 20.267 (p = 0.456) 0.117 (p = 0.747) 20.326 (p = 0.475) longitudinal surface of the bone are presented in Fig. 3 . The bone debris affected the automated deformation analysis obtained from the mCT images.
Projections of a bone sample in different orientations imaged with mCT are shown in Fig. 4(a) , and Figs 4(b) to (d) show three-dimensional (3D) images of the bone with a screw hole, a screw, and defined damage volume in a bone, respectively.
The deformation volume analyses from mCT images showed large variations in their results. The volume of the tissue deformation was determined and this provided complementary data for image analysis of the optical microscopy images. The average damage volume for the whole analysed sample set was 2.7 6 1.6 mm 3 (N = 6). Difficulties arose in the automated calculations as debris from the bone and existing pores in bone tissue were hard to exclude from the analyses (see Fig. 4(d) ).
DISCUSSION
This experimental study showed findings of bone tissue damage after cortical bone screw insertion and removal. Significant differences in the amount of damage were not found between AD-coated and normal screws, which may be due to the large variations in the results acquired with these methods. However, the edges of the holes drilled by the screws were qualitatively different for coated and non-coated screws; the edges were typically rough for AD-coated and smooth for non-coated screws (see Fig. 1 ). This could be partly explained by sliding due to the lower friction levels for AD-coated screws and by cutting for non-coated screws, and, thus, it can be explained in terms of elastic and plastic deformation of bone during installation and removal. The correlations in Table 1 also reveal the finding that insertion torque and ThC are Fig. 3(b) ) significantly correlated for both AD-coated and normal screws. However, the other geometric parameters (CSAC and I pol ) are correlated (or closely correlated) with histomorphometric parameters only in the case of AD-coated screws. These findings support the qualitative microscopic observations of the edge of the screw hole (see Fig. 1 ). It was found that normal light microscopy is a suitable tool for damage evaluation with an appropriate pixel resolution. Although the methodology for preparing the thin slices for optical microscopy is well-known and documented [21, 23, 25] , there is always the risk of introducing artefacts during the cutting and grinding of thin sections, which is clearly shown in the SEM images. Despite this, by far the most popular method of microcrack detection is transmitted light microscopy [1] .
The methods used in histomorphometric analyses of stained sections are often 'in-house procedures' and they tend to be expensive and time-consuming [23] . Thus, an automated tool for mCT image analysis was developed in this study. In many previous studies, comparable results are achieved with both visual and automated methods. Therefore, the main advantage of using automated tools would be that they are quicker and, thus, it would become possible to use larger sets of samples to gain statistically significant results [1, 23, 25] . mCT provides a powerful visualization tool for non-destructive structural imaging of a whole sample in 3D. However, the thresholding phenomenon in the image analysis, bone residue in the screw hole, and pores in the bone tissue create uncertainties in the analysis, and hence the obtained results of the mCT data. Specifically, the bone residue increases the number of voxels determined as bone instead of as being part of the screw hole, and thus the damage volume is under-estimated. The analysis requires an image to be constructed from several consecutive slices and this process is infeasible by hand and requires an automated approach. In addition, the damage boundaries can be more easily recognized from a stained histological image with adequate contrast than from a reconstructed greyscale mCT image. Thus, the most Microcracks are determined as short splits of cortical bone typically in the range 30-100 mm in length with a 'linear' morphology, and they result from the disruption of intermolecular bonds [10] . As such, with the 6 mm pixel resolution in mCT imaging, as in this study, the microcracks would be only between 5 and 16 pixels in length. This creates a challenge both for the investigator and for the visualizing tools (PC, display, etc.). Furthermore, as the cracks are closed during screw removal, the widths of the cracks are barely visible with the resolution used in this study. The higher pixel resolution in mCT imaging (e.g. 1 mm) would avoid these problems. At the same time, the time required for imaging is increased by a factor of between 10 and 20, and, thus, the advantage of a faster analysis is lost.
The effect of different sized screws was eliminated in this study by scaling the size of the smaller screws during analysis of the images, and, thus, the effect of the surface modification could be determined. It is commonly suggested that to be ideal a coating must be stable, bioactive, and osteoconductive, while at the same time being dense and adherent. It was the current authors' hypothesis that higher torques would correspond to higher work during insertion. The beneficial effect of a smooth and bioinert AD coating would then be related to decreased friction and energy used for deformation: this was found in the authors' previous study with regard to insertion torque [15] . The findings reported in this paper qualitatively support this assumption, even though the reported numerical values are not significantly different due to large natural variations in the data.
It has been suggested that in clinical practice preor self-tapping of the cortical bone, which causes minimal damage to the bone, will maximize the holding power of the screw, and also that large outer diameter and fine-threaded screws should be used [37] . Furthermore, too large an implant may not receive a sufficient level of support, thus jeopardizing the primary stability of the implant. In contrast, for patients with a poor bone density, clinical data indicates a higher success rate for wider implants [38] . The role of the AD coating would be to improve implant-tissue interaction through the creation of minimal damage levels and its bioinert property.
Cortical thickness, cortical cross-sectional area, and area moment of inertia are strong predictors of bone strength and resistance to fracture [10, 39] . Positive and strong correlation was found between the bone damage parameters and I pol in this study. However, the correlations between damage parameters and ThC and CSAC were not significant, which may be due to the large variations observed in the results. Damage caused by the screws is also affected by several other factors, for example, by the geometry and design of the screws. However, strong correlations were found between the insertion torque and ThC and CSAC, which is in agreement with findings in earlier studies on distinguishing the critical parameters that determine a bones resistance to fracture [40] [41] [42] .
The large variations in the results of the present study reflect the findings of several previous studies on the bone-implant contact surface, which was found to be 40-50 per cent in the cortical passage [25, 43, 44] . Additionally, a friction-based phenomenon suggested by Kincaid et al. [45] would also support our findings: bone is damaged from a larger area after sticking and, thus, no difference in damage could be detected between surface modifications. Apparent limitations of the present study are related to the measurement technology used to obtain the damage parameters. The pathology of the bone specimens was not examined in this study, which may affect the results. The initial sample selection criteria excluded patients with severe osteoarthritis. Thus, the sample set may include varied bone specimens. However, the qualitative observation of the difference in the edges of the holes created by coated and non-coated screws discussed earlier may indicate that more emphasis should be used in the future to study details of bone structure and damage in the bone volume around the edge of the hole.
For some fracture fixation devices and situations, the long-term consequences of bone-screw fixation are relatively unimportant, since the cortical screws are intended to be a temporary support during the critical healing period of a fracture [18] , or in case of infection [46] , fatigue failure of the implant [47] , or severe pain [48] , for example. However, in many cases, the fracture fixation devices are left in the patient permanently. The use of an AD coating would result in high fixation strength and a short healing time due to the creation of less damage. This would be an advantage for fracture fixation, particularly in cases of osteoporotic bone or an unstable fracture. Thus, even though microdamage acts as a stimulus for bone remodelling, extensive bone damage should be avoided.
In the future, controlled prospective in vivo trials with larger homogenous sample sets are needed to study the influence of implant surface modification on healing. In addition, a method capable of quantifying the total amount of damage caused by the screw is needed. For example, acoustic emission is one method that can be used to study damage formation in detail during screw insertion and removal [27] .
CONCLUSIONS
Microscopic analysis of stained thin sections provides a useful tool for qualitative and even quantitative analysis of damage formation in bone tissue. However, microscopic analysis is site dependent and, thus, gives only an approximation of overall damage levels. mCT provides a method for nondestructive structure analysis and 3D imaging of the specimen, and thus provides complementary information. However, distinguishing the damage that is solely due to the screws from 3D mCT images is not straightforward, and the results are affected by bone debris and holes in bone tissue.
The proposed use of an AD coating did not significantly reduce the damage in the bone tissue caused by the screw. However, it was qualitatively observed that the edges of the holes created by coated and non-coated screws were different and this suggests that more emphasis should be placed in future on the study of bone structure and damage in the bone volume around the edge of the hole.
Also, in vivo tests to study osseointegration, implant stability, screw holding power, and removal torque measurement are required. These tests may reveal the full potential of AD coatings for this particular type of biomedical use.
